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ABSTRACT 

We present an analysis of the high-resolution Chandra observation of the multiple system, HD 155555 
(an RS CVn type binary system, HD 155555 AB, and its spatially resolved low-mass companion 
HD 155555 C). This is an intriguing system which shows properties of both an active pre-main se- 
quence star and a synchronised (main sequence) binary. We obtain the emission measure distribution, 
temperature structures, plasma densities, and abundances of this system and compare them with the 
coronal properties of other young/active stars. HD 155555 AB and HD 155555 C produce copious 
X-ray emission with log L x of 30.54 and 29.30, respectively, in the 0. 3-6.0 keV energy band. The 
light curves of individual stars show variability on timescales of few minutes to hours. We analyse 
the dispersed spectra and reconstruct the emission measure distribution using spectral line analysis. 
The resulting elemental abundances exhibit inverse first ionisation potential effect in both cases. An 
analysis of He-like triplets yields a range of coronal electron densities ~10 10 * * — 10 13 cm' 3 . Since HD 
155555 AB is classified both as an RS CVn and a PMS star, we compare our results with those of 
other slightly older active main-sequence stars and T Tauri stars, which indicates that the coronal 
properties of HD 155555 AB closely resemble that of an older RS CVn binary rather than a younger 
PMS star. Our results also suggests that the properties of HD 155555 C is very similar to those of 
other active M dwarfs. 

Subject headings: stars: activity, stars: coronae, stars: low-mass, pre-main sequence, stars: individual: 
HD 155555, techniques:spectroscopic, X-ray:stars 


1. INTRODUCTION 

RS Canum Venaticorum (RS CVn) type stellar systems 

are close bi naries containing late type evolved G/K stars 

(iHalll Il980h . Typical orbital periods of these systems 
range from less than a day to a few months and, with a 

few exceptions such as A And, the rotation periods of the 

close components are spun up to match their orbital pe- 
riod due to the tidal synchronization forces. As a result 
of their rapid rotation and deep convective envelopes, RS 

CVns have powerful magnetic dynamos which generate 
enormous amounts of magnetic flux which, emerging into 
their outer layers, produces enhanced stellar activity. For 
example, RS CVns show optical variability due to the 
rotational modulation of an asymmetrical distribution 
of cool spots which can cover > 10% of their surfaces. 

Studies of RS CVns in chromospheric lines such as Ca II 

H and K and H-alpha and in the ultraviolet and X-ray 
bands show that an enormous amount of energy (com- 
pared to stars like the Sun) is being released into their 

chromospheres and coronae, in both their typical (some- 
times, called quiescent) and flaring states. Their intense 
X-ray activity was first detect ed by the HEAO-1 observa- 
tory (1 Walter fe Bowvcnll98lD and has been extensively 
studied since by subsequent missions such as Einstein, 

EXOSAT, ROSAT, ASCA, Chandra and XMM-Newton. 

The X-ray luminosities of RS CVn binaries are typically 
in the range of 30 < log L x < 32 (ergs s 1 ), correspond- 
ing to 10 -4 to 10 -3 of their bolometric luminosities, and 
log L x values > 33 have been observed in large RS CVn 
fla res (e.g. the Swift -detected flare of SZ Psc discussed 
bv lDrake et al.ll20T5lb 

Pre-main-sequence and early (zero-age) main-sequence 


solar- and sub-solar-mass stars have retained much of the 
angular momentum of their original protostellar prede- 
cessors, and thus have rotation rates from less than a day 
to ~10 days, much in excess of the present solar rotation 
rate. As a result, just like active synchronized binaries 
with similar rotation rates, young stars have powerful 
chromospheres and coronae. As they evolve, their rota- 
tion rates, and consequently their activity levels, drop 
due to the loss of angular momentum in stellar winds. 
The coronae of very young (ages < 5-10 Myr) stars 
have been well-studied due to their locations in large 
nearby stellar associations and clusters, such as Tau-Aur 
and Orion OBI. Young, late-type pre-main sequence 
stars are luminous X-ray sources. This is indeed ob- 
served in T Tauri stars which are divided into two classes 
the Classic T Tauri stars (CTTS) and weak-line T Tauri 
stars (WTTS). The CTTS shows a strong Ha emission 
lines and infra-red excess as a result of the accretion, 
wherea s, WTTS dis play weak Ha line and no infrared 
excess. iGiidel et al.l ( 20071 ) surveyed the Taurus molecu- 
lar cloud and found evidence for lower X-ray luminosities 
in CTTS compared to WTTS. However, the X-ray emis- 
sion of a fraction of CTTS, exhibits an additional soft, 
high-density component that has been attributed to a 
magnetically confined accretion co lumn, e.g., the 8-Myr 
old TW Hya (jKastner et al.l 120021 ) . It has only been in 
the last 3 decades that the existence of a population of 
somewhat older (10 - 300 Myr) stars permeating the solar 
neighborhood in kinematically homogeneous ste llar mov- 
ing g roups has bee n recognized, e.g., A B Dor dRucinskil 
Il982f) . Speedy Mic (iBromage et al.lfl992l) . etc. A few pre- 
main sequence stars also show evidence of soft extended 


2 


Lalitha et al. 


X-ray emission close to the star that is thought to arise in 
accretion-related .j et-like ou tflows, for example , DG Tau 
(IGiidel et aljl2005l). Z CMa (ISt.elzer et, al.ll2009l) . RY Tau 
( Skinner et, al.ll201lh . 

There has been some discussion in the literature as to 
whether the details of coronal and chromospheric activity 
in cool stars differs due to the underlying origin of their 
rapid rotation, i.e. , spin- up in close binary systems vs. 
youth, but few definitive conclusions have been reached. 
A number of flares in active binaries observed in the ra- 
dio have been observed by VLBI to have an extent simi- 
lar to the separation betw een the two components (e.g., 
iLittle-Marenin et al.lll986l suggesting that they may be 
related to inter-binary magnetic reconnection, but X-ray 
observations lack the milli-arcsecond spatial resolution 
needed for this typ e of analysis ). There have been some 
indirect tests: e.g.. iSingh et all f l 996 (1. compared 59 RS 
CVn binaries containing 2 late-type components to 29 
Algol-type binaries most of which had only one late-type 
component, and found a tendency for RS CVns to be 3-4 
times more X-ray luminous than Algols with the same 
orbital period, suggesting that there may be additional 
energy release in their coronae due to interconnecting 
magnetic field reconnections and/or disconnections. The 
most significant difference in the coronal properties of ac- 
tive RS CVns like AR Lac or active (pre-main sequence) 
binary system HD 98000 and active accreting (pre-main 
sequence) single stars like TW Hya are due to the pres- 
ence of an accretion-related soft (T ~ 2 - 4 MK) plasma 
component in CTTS; there can also be additional vari- 
ability in the X-ray emission of CTTS due to varying 
absorption by circumstell ar material and/o r fluctu ations 
in the accretion rate, e.g., iFlaccomio et al.l (120101) . 

The intense coronal X-ray activity in the low mass RS 
CVn type binaries is a key characteristic in investigat- 
ing the properties and evolution of low mass late-type 
stellar objects, spurring extensive studies with several 
X-ray satellites over the last few decades (|Audard et al.1 
120031) . The Sun is usually considered a prototype of low 
mass cool stars, hence we often extrapolate the knowl- 
edge we have on the Sun to the other stars. The X- 
ray emission and the temperature of the coronal plasma 
of such stars are, however, at least a magnitude higher 
than the solar coronal emission indicating a fundamen- 
tal difference in the dynamo powering the coronal ac- 
tivity. Most of the earlier studies, with a few excep- 
tions, have been performed using low spectral resolution 
instruments, which were not able to provide very reli- 
able information on coronal plasma. The unprecedented 
spectral resolution provided by X-ray gratings and large 
effective area of X-ray telescopes like Chandra X-ray ob- 
servatory and XMM-Newton , allows us to resolve indi- 
vidual lines thus providing plasma diagnostics of coronae 
of stars other than the Sun. In particular, an updated 
picture of coronal abundance anomalies based on obser- 
vations of HR 1099 confirmed its depletion in the abun- 
dance of low first ionisation potential (FIP ) elements in 
comparison to the high-FIP elements dBrink man et aD 
20011 iDrake fc Kashvadl2()0 ll IGiidel et al.ll2001[) . Later, 
Audard et al.l ( 2002H showed that stars with different ac- 
tivity level show a continuum of behaviour from the FIP 
effect to the inverse FIP (iFIP) effect. 

Spectral diagnostics based on a large number of promi- 
nent emission lines can be used to derive the temper- 


atures, density structure of emitting plasma, emission 
processes and ionisation properties of the coronal X- 
ray plasma. Furthermore, based on the electron den- 
sity and coronal temperatures we can infer the pressure 
and the volume of the emitting plasma. Since stellar 
coronal structures are spatially unresolved, unlike the 
solar coronal loops, by combining all the above results 
one can also deri ve useful informat i on about the coronal 
loop properties (fReale et al.l Il997t IGiidel &; Nazel [20091 : 
iFuhrmeister et al.ll201lD . 

Finally, we can compare the high-resolution X-ray 
spectroscopic data with that of other low mass stars with 
different ages which are crucial for understanding how 
the stellar activity and coronal proper ties change dur- 
ing these different evoluti onary phases (|Ball et al.1 12005b 
iRobradc fc Schmitt! 12005 ) . 

Here, we report the first high spectral resolution obser- 
vations of the HD 155555 system with Chandra HETG 
with the objective of getting a better insight into the 
hottest part of the outer stellar atmosphere of the active 
stars in HD 155555 system. Although stellar activity has 
been observed and studied for decades, the exact mecha- 
nism controlling the magnetic activity in low-mass stars 
are still not understood. The fundamental parameters 
must be derived for a range of stars in order to pro- 
vide the basis for a theoretical understanding. Our goal 
is to use the X-ray light curves and spectra of an ac- 
tive RS CVn system to address several issues: monitor 
the flares, determine the emission measure and tempera- 
ture distribution, determine abundances, probe the den- 
sity diagnostics and compare to other stars in different 
evolutionary states. This paper is organised as follows: 
in § [2] we discuss the properties of HD 155555 system; 
§ [3] presents the details of the X-ray observation and the 
methods adopted for the data analysis; in §0]we describe 
the procedures used to obtain the emission measures, the 
abundances and the electron densities of HD 155555 AB. 
In § [5l we analyse the time variability and spectral prop- 
erties of HD 155555 C. We discuss the implications of 
the analyses of both HD 155555 AB and the companion 
HD 155555 C in § [6] and summarise our conclusions in 

m 

2. THE HD 155555 SYSTEM 

HD 155555 (V8 24 Ara), is a young («18 Myr, 
iStrassmeier fc Rice! 1200 0) RS CVn binary which also 
shows some characteristics common to the pre-main se- 
quence stars. It is a triple star system consisting of cool 
stars: G5IV, a K0IV and an M3V star. Two of the three 
stars (G and K stars) are in a close b inar y system with 
an orbital period of 1.68d (IStrassmeier fe Rical2000D and 
will together be referred to as HD 155555 AB, henceforth. 
The M dwarf companion LDS 536 B is 33" away from the 
primary close-in binary syst em, and hencef o rth w ill be 
referred to as HD 155555 C. iPasauini et al.l (I1991D sug- 
gested that HD 155555 AB and HD 155555 C are part of 
a young disk which is in agreement with the high lithium 
abundance in both the components. Later, based on the 
Hipparcos satellite the distance to the HD 155555 system 
has b een determined to be 31 pc (|Strassmeier fc Ricci 
I2000D . The properties of the stars in HD 155555 system 
are summarised in Table [Q 

HD 155555 AB exhibits all the characteristics nomi- 
nally attributed to the RS CVn class of stars, viz., strong 
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Ca II H and K emission due to chromospheric activity 
and photometric va riability as a resu l t of s pot migration 
(|Cutispotol I1990T) . iDunstone et al.1 (|2008T ) have shown 
that both the components of the HD 155555 system are 
particularly interesting because it is an unusual RS CVn 
in which the close-in binaries have become synchronised 
rotators as they evolved towards the main sequence; most 
RS CVn systems synchronise much later in their lifetimes 
as one/both stars evolve away from the main sequence. 
Thus, without the binarity factor, HD 155555 system 
would still be active, since they are rapidly rotating cool 
stars. The binarity of this system has, however, set the 
orbital period to 1.68d which is shorter than if this were 
a single star. It is likely that while both age and binarity 
have worked together to produce activity, in this case, 
the latter has determined the exact period. 


TABLE 1 

Physical parameters of the HD 155555 system. 


Parameter 

HD 155555A 

HD 155555B 

HD 155555 CJ 

V mag 

6.72 


12.82 

T [K] 

5500±100 

5050±150 

3300±150 

Spectral type 

G5IV 

K0IV 

M3V 

P [days] 

1.68 

1.68 


Inclination i 

52.5°±2.5 

52.5° ±2.5 

50° ± 5 

Vsmi [km s — *] 

36.8F1.0 

33.7F1.5 

<3 

Ksini [R©] 

1.55±0.18 

1.21±0.25 


Msmi [M©] 

l.lOiO.Ol 

l.OOiO.Ol 


log L bo i [erg s- 1 ] 

33.89 


32.26 


References, (a) Pasauini et al. (1989): (b) Strassrncier & Rice 

ram 


The stars in HD 155555 AB probably exhibit substan- 
tial differential rotation which is a key factor in the gen- 
eration of stellar magnetic fields. A very high level of 
activity has also been reported from the visua l com- 
panion HD 155555 C dMartin fe Brandned 119951) . The 
X-ray emission from HD 155555 AB was first reported 
by HEAO-1 A2 low energy experiment dWalter et al.l 
119801 1 . It was found to be a relatively strong X-ray source 
with log L x ssl.OxlO 31 erg s _1 , yielding a log ~-2.9 
in 0.5-3 keV energy range, making it a very active bi- 
nary system. It was subsequently observed by several 
other X-ray satellites and a summary of observed X-ray 
fluxes and the corresponding luminosities is given in Ta- 
ble [2] The low X-ray flux observed by EXOSAT LE 
could be due to poor calibration. HD 155555 C was dis- 
covered serendip itously during EXOS AT observations of 
HD 155555 AB dPasauini et a.1.1 fl989fl . The X-ray lumi- 
nosity of HD 155555 C was found to be ^3xl0 29 erg s _1 
in 0.04-2.0 keV energy band, yielding a log j^-~-2.8, 
suggesting that HD 155555 C is also a very active young 
star. 

3. THE CHANDRA DATA 

The HD 155555 system was observed for ^94 ks 
starting on 2002 July 10 11:27 UT, using the HETG 
dWeisskopf et al.lf2002D a nd Advanced Camera for Imag- 
ing Spectroscopy CACIS. iGarmire et al.l [20031) on-board 
Chandra X-ray observatory (ObsID 2538). The data 
obtained from the public Chandra Data Archives were 
reprocessed following the Chandra Interactive Analysis 


TABLE 2 

The X-ray luminosity of the HD 155555 AB system. 


Instruments 

Unabsorbed Fx 
10~ 11 erg s — 1 cm -2 

L x 

1q30 er g S -1 

Ref. 

HEAO-1 A2 

9.0 

10.31 

(a) 

(0. 5-3.0 keV) 
EXOSAT 

0.9-1. 1 

1.03-1.26 

(b) 

(0.04-2.0 keV) 
ROSAT PSPC 

3.8 

4.35 

(c) 

(0. 1-2.4 keV) 
ROSAT HRI 

3. 7-4.6 

4.23-5.26 

(c) 

(0. 1-2.4 keV) 
XMM-Newton 

5.7 

6.52 

(d) 

(0.2-12.0 keV) 
Chandra HETG 
(0. 3-6.0 keV) 

2. 8-3.6 

3.20-4.12 

(e) 

(0-5-5. 0 keV) 

2. 4-3.0 

2.74-3.43 

(e) 


References, fa') I Walter et all (119801) : fbl lBarstowl (1198711 : (c) 
Using XSPEC vl3.0 and WebPIMMS v4.7 and assuming a 
coronal temperature of 10 MK, we estimated 
ECFpspc , =7-9xlO - ^ 2 erg s -1 cm -2 and ECFifp/=2.5x 10 -11 
erg s — 1 cm -2 ; (d) observed during XMM-Newton slew survey 
and converted to flux using the flux limit 1.3X10” 11 erg s — 1 
erm 2 ; (e) present work. 

of Observation s (Cl AO ver 4.5)0 science threads, and 
XSPEC V13.0 (lArnaudlll996l) was used for spectral anal- 
ysis. 

To optimize the signal-to-noise ratio in the spectrum, 
CIAO includes position-dependent PHA filtering of the 
data. We used the TGEXTRACT tool available in the 
CIAO to extract the -1 and +1 grating orders of HEG 
and MEG, and used the add_grating_orders script to sum 
the orders to improve the counts statistics. We used 
the default binning of 0.005A for MEG and 0.0025A 
for HEG. The background spectrum was extracted from 
source-free symmetrical regions near the source region, 
with each region having an area of the order of few times 
that of the source area. We computed the net spectrum 
of HD 155555 AB and HD 155555 C by subtracting the 
background spectrum. The spectra were then scaled to 
the area of the source region, to get the source spec- 
trum for both +1 and -1 orders. The positive and neg- 
ative orders spectra for each of the sources were then 
combined to get the final spectrum. The co-added nega- 
tive and positive first order MEG and HEG spectrum of 
HD 155555 AB and HD 155555 C for the entire observa- 
tion are shown in Figure [1] and [2] There are numerous 
well resolved lines with high signal-to-noise ratio present 
in the spectrum and these have been labelled in the fig- 
ures. 

Furthermore, we re-ran the CIAO data reduction 
pipeline and extracted the zeroth-order spectrum of both 
HD 155555 AB and HD 155555 C. The zeroth-order 
spectrum is a low-resolution spectrum created by the 
photons that pass through the grating without being 
diffracted. The net count rate for HD 155555 AB and 
HD 155555 C zeroth order spectrum is 0.23±1.58xl0 -3 
and 3.96xl0 -2 ±6.54xl0 -4 counts s _1 , respectively. 
Based on the observation of HD 155555 system, PIMMS 
predicts a large pile-up fraction of >20%; hence, we chose 
to use only the dispersed spectrum for our analysis. 

4. ANALYSIS AND RESULTS: HD 155555 AB 
1 see http://cxc.harvard.edu/ciao/threads/ 


4 


Lalitha et al. 



3 4 5 6 7 8 

Wavelength 



9 10 11 12 13 14 

Wavelength 



14 15 16 17 18 19 

Wavelength 



20 21 22 23 24 25 

Wavelength 

Fig. 1. — Combined +/- order spectrum of HD 155555 AB for the 
entire observation binned to 0.005 A for MEG (red) and 0.0025A 
for HEG (blue). The prominent lines are labeled. 

4.1. Variability 

We produced light curves from the event list using the 
dispersed events for the full ~94 ks observing period. 
In Figure [3] (top panel), we show the X-ray light curve 
in the 0.4-6 keV energy band. In this figure, we also 
show the orbital phase corresponding to our observa- 


tion using the ephemeris by iStrassmeier &; Ricci (j2000l ) 
HJD = 2,446,997.910 + 1.6816463(±0.0000003) x E. 
The light curve shows a significant variability and has 
been divided into three distinct time bins marked as Tl, 
T2 and T3, thus isolating the various features noticed 
in the light curve. The time bin Tl spans from 0-25 ks 
which are free of any large variation; the time bin T2 
spans between 25-45 ks and shows a typical flare-like 
feature with a long and sharp rise in the flux and a slow 
exponential decay; the time bin T3 shows a broad event 
starting at ~45 ks and lasting until the end of the obser- 
vations. 

The smooth rise in X-ray emission (in time bin T3) be- 
tween T=50 and 60 ks (corresponding to rotation phase 
(j) ~1.0) is followed by a plateau which could be due to 
the rotation of one of the two stars in HD 155555 AB 
crossing the visible hemisphere of a coronal active re- 
gion. If it lasts for ~10 ks, and assuming that the active 
region occurs near the equator and neglecting the in- 
clination and differential rotation, we estimate a size of 
~25° ( ™J s ks x 360° «25°) for the active region. How- 
ever, JDo^plei^Jmaging of HD 155555 AB carried out 
by (IStrassmeier fe Rical2000l) reveals inhomogeneities at 
higher latitudes this would force the active region dimen- 
sion to be bigger than ~25°, hence this value is essentially 
a lower limit. Similarly, there may be a rise between 80 
and 95 ks, but it is not as clear as the previous rise and 
it may just be due to small-scale variation occurring at 
~ 80, ~ 85 and ~92 ks. 

We searched for spectral variations caused by flare 
heating events (e.g., events seen during the phase T2) by 
defining a hardness ratio (HR) as the ratio of the number 
of counts in the hard band (2. 0-6.0 keV) to the number 
of counts in the soft band (0. 4-2.0 keV). The hardness 
ratio variations of HD 155555 AB are shown in the bot- 
tom panel of Figure [3] In Figure® we plot the HR vs 
the count rate of the Tl (black filled circles), T2 (red 
filled circles) and T3 (blue filled circles). We carried out 
a non-parametric correlation test on the HR and count 
rates for each of the time bins. The rank correlation co- 
efficient with two-sided significance values are given in 
Table [3j The small p- value indicates a correlation with 
2. 5-3cr probability between the HR and the count rate for 
the time bin T2 with a flare. The correlation observed in 
the other time bins is of lower significance. We have car- 
ried out parametric regression analysis and obtained the 
slopes for each of the time bins and shown in (column 4, 
Table®. 

TABLE 3 

Results of correlation test and regression analysis 

PERFORMED ON THE HR AND THE COUNT RATE FOR EACH OF THE 

TIME BINS. 


'l ime bin 

Spearman’s correlation 
p p- value 

Linear regression 
slope 

Tl 

0.44 

0.025 

0.19+0.07 

T2 

0.66 

0.004 

0.14+0.04 

T3 

0.35 

0.010 

0.05+0.02 


We have also examined the prominent line features in 
the spectra for variability. We find that the Ne X line 
feature at 12.13 A shows evidence of variability. Its light 
curve is shown in Figure® We tested other strong lines 
like Mg XI at 8.4lA, Fe XVII at 15.01 A, and O VIII 
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Fig. 2. — Combined +/- order spectrum of HD 155555 C for the 
HEG (blue). The prominent lines are labeled. 
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Fig. 3. — Top panel: Background subtracted X-ray light curve in 
0. 4-6.0 keV energy band and the corresponding orbital phase as- 
suming an orbital period of ~1.68 days for HD 155555 AB. Bottom 
panel: The time variability of the ratio of number of counts in the 
2. 0-6.0 keV band to the number of counts in the 0. 4-2.0 keV band 
for HD 155555 AB. 

at 18.97 A but they show very marginal variation or no 
significant variation. The detection of a dip in Ne X seen 
close to (f> ~1.0 and coinciding with the dip in the total 
intensity in Fig. [3] could indicate that moderately cool 
gas gives rise to this feature. The rise in the Ne X flux 
towards the end of the observation probably indicates 
the presence of a large active region on the surface of the 
star moving into the line of sight. 

4 . 2 . Spectroscopic behaviour 

We divided the source spectra into three time-intervals 
as mentioned above and carried out a detailed spectral 


entire observation binned to 0.005A for MEG (red) and 0.0025A for 



Fig. 4. — Hardness ratio of HD 1555555 AB as function of the 
background subtracted X-ray count rate in 0. 4-6.0 keV energy 
band. The black, red and blue filled circles refer to the Tl, T2 
and T3, respectively, (see text for details). 

analysis for each of these intervals to investigate the tem- 
perature, the emission measure, the abundance and the 
density variation of the coronal plasma in HD 155555 AB. 
The analysis was carried out by global fitting using 
XSPEC as well as line by analysis of prominent lines 
using PINTofALE. 

4 . 2 . 1 . XSPEC fitting 

We have characterised the thermal structure and the 
elemental abundance composition of the coronae of 
HD 155555 AB using the simultaneous global fit- 
ting to the HEG and MEG spectra. The temper- 
atures and abundances relative to the solar values 
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Orbital phase 

0.65 0.80 0.9s 1.10 1.25 



Fig. 5. — X-ray light curve from combined MEG +1 and -1 or- 
der counts for HD 155555 AB in the Mg XI at 8. 41 A (green), 
Ne X at 12.13A (blue), Fe XVII at 15. 01 A (red) and O VIII at 
18.97A (black). The mean count rate for Ne X line is indicated by 
a thick vertical black line. 

(iGrevesse fc Sauval I1998 A were determined by simulta- 
neous iterative XSPEC fit to the HEG and MEG spec- 
tra with Variable Astrophysical Emission Co de (VAPEC) 
for th ermal optically thin plasma models dSmith et all 
I2001H . We determined the number of VAPEC compo- 
nents with different temperatures by adding a new com- 
ponent until the addition of the next component did not 
improve the fit. Assuming that the corona of a star is not 
isothermal and has multi-temperature components, we 
used two-temperature VAPEC models. This produced a 
xLn - 611 (DOF-711), Xrnin ~ 412 (DOF-591), and 
Xmin ~ 1419 (DOF— 1320) for time bins Tl, T2 and T3, 
respectively, showing that 2T VAPEC models are a good 
fit to the data. We then added a new temperature com- 
ponent which reduced the minimum y 2 further to Xmin ~ 
520 (DOF— 709), xLn ~ 368 (DOF-589), and xLn ~ 
1245 (DOF— 1318) for time bins Tl, T2 and T3, respec- 
tively. The F-test produces a p-value of 0.017, 0.0913 
and 0.0096 for time bins Tl, T2 and T3, respectively. 
These p-values could under-stat e the evidence for th e 
extra component by factors of 2 dProtassov et al.ll2002H . 
so we use a 3T model. Adding a 4th temperature com- 
ponent yields an F-test p-values 0.48, 0.47 and 0.50 for 
time bins Tl, T2 and T3, respectively, which are unam- 
biguously large. Hence, we use the 3T VAPEC models to 
describe of the dispersed spectra of HD 155555 AB. We 
allowed the abundance of all the elements to vary freely 
for each of the time bins. However, we fixed them to the 
same abundance values for each of the temperature com- 
ponents in the 3T VAPEC. For example, in the case of 
time bin Tl we allowed the O, Ne, Mg, Al, Si, S, Ar, Fe 
and Ni abundances vary freely while tying all the tem- 
perature components to the same abundance value for 
a given element. We, thus obtain a unique solution for 
the abundances for each time bin separately and also the 
temperatures, and emission measures. The best-fit tem- 
peratures and the emission measures for time intervals 
Tl, T2 and T3 are presented in Table |H whereas the 
best-fit abundance values are listed in Table [5] The un- 
absorbed X-ray flux of HD 155555 AB in 0. 3-6.0 keV 
energy band is in the range — 2.8 — 3.6 x 10 -11 erg s -1 
cm' , implying Lx=3.20-4.12x 10 30 erg s” 1 . 


TABLE 4 

Best-fit spectral parameters obtained for time intervals 

Tl, T2, T3 FROM ITERATIVE FITTING OF DISPERSED X-RAY 
SPECTRA FOR HD 155555 AB DATA USING 3T VAPEC PLASMA 
models. See Table [5] for the best-fit elemental 
ABUNDANCES. 


Parameters 

Tl 

T2 

T3 

log tl [KJ 

6.72±0.03 

6.74±0.07 

6.64±0.05 

EMi [cm” 3 ] 

52.92l°(° 

52.94±°; 12 

52.93l°;°g 

log t 2 [K] 

7.03±0.05 

7.01±0.07 

6.94±0.02 

EM 2 [cm” 3 ] 

53.iot°;i 3 

53.061°;“ 

53 TO ”*" 0-06 
oo.ru_o 05 

log t 3 [K] 

7.34±0.10 

7.26±0.07 

7.23±0.01 

EM 3 [cm” 3 ] 

52.93tg]?° 

53.04^q° 22 

52.28l°' 23 

red. x 2 

0.73 

0.62 

0.94 

DOF 

709 

589 

1316 

log L x [ergs” 1 ] 

30.51 

30.52 

30.61 

log 

L bol 

-3.37 

-3.36 

-3.27 


Note: the errors are estimated with 90% confidence limit. 


4.2.2. Line based analysis 

We identified the individual line features on the basis 
of CHIANTI version 4.02 (Dere et al. 2001) database. 
The identified lines and their corresponding fluxes are 
listed in Appendix. In Figure [Q both the MEG and 
HEG spectra are shown. The lines in the MEG spectra 
are much brighter than in the HEG spectra. Therefore, 
we consider only the lines seen in the MEG for further 
analysis. 

We derive the differential emission measure (DEM) 
from the measured line fluxes using M arkov Cha i n Monte 
Carlo (MCMC) analysis method of iKashvan fe I Iraki) 
(H998lf as implemented in the PINTofALlfl software 
package. The DEM gives the amount of plasma as a 
function of temperature. The MCMC analysis gives an 
estimate of emission measure distribution over a pre- 
selected range of temperatures with a DEM estimate for 
each of the temperature bins. We used a temperature 
grid with (flog T=0.05 with a range of 6.2<log T[K]<7.4. 
All strong emission lines which are reasonably isolated 
(minimum separation — 0.01A) were used for the DEM 
reconstruction. We derived the abundance relative to 
the iron for all the elements for which at least one line 
has been identified and included in the selection. The 
elemental abundances were obtained along with recon- 
structed DEM distribution. For this, we used only the 
iron lines from our selection to obtain the initial DEM 
distribution and abundance of Fe. We then added the 
lines of other elements one by one gradually extending 
to the temperature range where the DEM is constrained. 
At each iteration, we obtained a new DEM distribution 
and the abundance relative the Fe abundance. Once the 
DEM distribution has been calculated the Fe abundance 
is determined by comparing the observed continuum with 
the predic ted conti n uum based on different metallicity 
values (see lArgiroffi et ai1l2003T) . 

In Figure [6l we show the reconstructed DEM for 
HD 155555 AB. The general shape of DEM distribution 
derived for HD 155555 AB for three time-intervals con- 
sistently shows a multi-temperature plasma with a dom- 
inant peak at log T[K]~ 6. 9-7.0, very well constrained by 
line fluxes. This peak is consistent with the one of the 
temperature components predicted by XSPEC model. 
The peak at the low temperature between log T[K]~ 6.35- 

2 see http://hea-www.harvard.edu/PINTofALE/ 
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Fig. 6. — Best fit DEM plots versus the log T for HD 155555 AB. 
6.55 is much more prominent during time interval T3 
when compared to the other time intervals. During time 
interval T2 and T3, we notice a higher temperature com- 
ponent (log T[K]>7.35) which implies that the enhanced 
activity level during time interval T2 and T3 is adding a 
discrete source of emission at the higher and lower end 
of the temperature range. 
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Fig. 7. — The coronal abundan ce relative to solar photospheric 
values ilGrevesse fe Sauvall 119981 1 as derived by line-based (left 
panel) and XSPEC based analysis (right panel) for Tl, T2 and 
T3 time bins plotted as a function of the first ionisation potential 
(FIP) for HD 155555 AB. 


are plotted as a function of the first ionisation poten- 
tial of the elements. In Table [5j we list the coronal el- 
emental abundances relative to the solar photospheric 
abundances derived by both the line based method and 
XSPEC fitting methods. The line-based and the XSPEC 
fitting to the MEG spectra give nearly consistent values 
for the elemental abundance except for Ar, despite the 
difference in the temperature distribution derived using 
the two methods. This could be because in the line-based 
analysis we reject lines that are blended and problematic 
whereas the XSPEC fitting assumes that the model can 
explain each and every individual line in the observed 
spectrum. Furthermore, we use 3T XSPEC model to 
characterise the corona which is a criterion we use to de- 
fine a multi-temperature structure of the corona; whereas 
the DEM reconstruction shows clearly that the corona 
of HD 155555 AB has a continuously distributed multi- 
temperature thermal structure. 

4.2.3. Optical depth effects 

Generally, the X-ray emission from c orona l plasmas 
can be assumed to be optically thin (Schriiver ct al. 
1199.51 iMewe et all 119951) . In order to justify the opti- 
cally thin model used in our analysis, we estimated the 
optical depth by comparing the observed flux ratio of the 
Fe XVII line at 15.265A to the resonance line at 15.040A 
of Fe XVII but with a lower oscillator strength. These ra- 
tios have been measu red in the lab o rator y using an elec- 
tron beam ion trap by I Brown et all (Il998l) and the values 
range between 0.31-0.36 at 0. 85-1.3 keV. The m easured 
value for the Sun is 0.49±0.05 (ISaba et al.lll999f) . We ob- 
tained a ratio of 0.35±0.11 for HD 155555 AB, which is 
larger than the value of 0.26±0.10 determined for Capella 
(jBrinkman et all I2000D and smalle r th an the value of 
0.49T 0.14 determined for II Peg (|Huenemoerder et all 
120011) . The uncertainty in the ratio for HD 155555 AB 
is large enough that the results are consistent with pre- 
viously estimated ratios. 

4.2.4. Electron densities 

We have investigated the electron densities of the coro- 
nal plasma using the density-sensitive line flux ratios 
of forbidden to inter combination lines of helium-like 
triplets (N VI, O VII, Ne IX, Mg XI and Si XIII), based 
on the theory of density-sensitiv e lines as described in de- 
tail by iGabriel fc Jordanl (119690 . The He-like triplets of 
O VII, Ne IX, Mg XI and Si XIII are strong enough in our 
observations to obtain characteristic electron densities in 
the source (see Figure [5]). Note that in the second panel 
of Fig. [51 the Ne IX inter-combination line (13.553 A) is 
blended with Fe XIX (13.518 A), since the spectral reso- 
lution of Chandra HEG and MEG are 0.005 and 0.0025 
A per bin, respectively, the peaks are well-resolved and 
are easily fitted with two separate Gaussian components. 
The measured line counts, the f/i ratios and the deduced 
electron densities for the entire duration of observation 
are listed in Table [6] In order to convert the measured f 
/i ratios to densities, we approximated the flux ratio by 

/ _ Ro 

i 1 4 - 

1 1 + N c 


In Figure [3 the coronal elemental abundances of 
HD 155555 AB obtained for all the three time-intervals 


where R 0 is the low-density limit and N c is the crit- 
ical density for which we adopted the values from 
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TABLE 5 

Best fit values of the elemental abundances for different time intervals. 




Tl 


T2 


T3 

Elements 

XSPEC 

Line- based 

XSPEC 

Line- based 

XSPEC 

Line-based 

N 

0.50 

0.49±0.11 

U.OU — 0 46 

0.48T0.23 

0 74+ u - i8 

u - '^-0.14 

0.51T0.21 

O 

0 . 54/942 

0.25T0.21 

0.55/°;- 

0.29T0.23 

0 50"*~°' 07 
u - ou — 0 .07 

0.25T0.18 

Ne 

0.86/°' 2 ° 

0.51±0.21 

0.78/°;- 

0.49T0.20 

0 7Q+ 0 09 
u - ' y -0.08 

0.52±0.20 

Mg 

n 07+O.O8 

u -°' -0.07 

0.13T0.11 

0 SO - * -0 ' 10 

U.ou_ 0> 06 

0.12T0.10 

0 27+ 0 - 04 
u - z< -0.03 

0.12±0.09 

Al 

0.32/°;- 

0.10T0.06 

0 Q4+013 
U.O4_ 0>10 

0.10T0.05 

f) 0-1 +0.16 

u -' 31 -0.17 

0.12±0.05 

Si 

0.28/°;^ 

0.17T0.07 

0 2 C S - * -0 ' 08 
u.zO—005 

0.19T0.02 

0 2 C )"*" 0,03 
u.zO-003 

0.20T0.06 

S 

0 24~*~ 0 ' 17 

0 16 

0.11±0.08 

0 33+ 0 - 19 
U.OO—Q is 

0.14d=0.07 

0 26"*"°' 07 
U.ZD_ 0> 07 

0.11T0.07 

Ar 

1 OO + 0.63 

0.47T0.25 

1 2Q"*" 0,30 
i>zy -0.25 

0.48T0.20 

1 1R+ 0 - 62 
1-1°— 0.61 

0.50T0.32 

Fe 

0.27/°;°s 

0.21±0.11 

0 24"*" 0,07 
U.Z/t_ 0 .04 

0.20T0.10 

0 25 +0 - 03 
u.zO-002 

0.21±0.11 

Ni 

0.28/°;^ 

0.13F0.11 

U.lO-O.n 

0.14±0.11 

0 14+0.09 

U.14_ 0 .08 

0.15T0.10 


iPradhan fe ShulU (|1981l) for each of the ions. Notice that 
f/i ratio and electron densities obtained from the dis- 
persed spectrum represent mean values over the entire 
observation. 

Furthermore, using the measured f, i and r line 
fluxes we have calculated the G=H^ ratio for the time- 

r 

averaged spectra, which provides an estimate of the elec- 
tron temperature T e . The dependence on temperatures 
of the G-ratios is due to the collisional excitations which 
have a different temperature sensitivity for the forbid- 
den and inter-combination lines compared to the r lines. 
In the case of a strong r line the G-ratio (G ~1) sug- 
gests a collisionally dominated plasma (see Table [6]). We 
compared the measured G(T) values of O VII, Ne IX, 
Mg XI and Si XIII with the theoretical relation be- 
tween the electron t empe rature and G(T) as described by 
iPorciuet fe Dubaul ([200011 and have plotted the results in 
Figure ED- The comparison shows that the coronal tem- 
perature is in 2-12 MK range. This temperature range is 
comparable to the temperatures derived using the DEM 
analysis. 

We derived the R and G ratio for each of the time 
bins and refined the analysis of plasma temperature and 
density. In Figure [10l we show the line fluxes and their 
ratios as a function of time. Although individual fluxes 
clearly show an increasing trend during T3, the f/i ratio 
shows marginal variation between Tl, T2 and T3. 

The electron densities calculated using O VII triplets 
for HD 155555 AB time bins Tl, T2 and T3 are 
log n e [cm“ 3 ]~ 10.98to'gg, 10.65/^, and 10.66/^, 
respectively at log T[K]~6.3. The Ne IX triplet is 
strongly affected by the blending of Fe XIX hence 
the obtained density might be highly uncertain; how- 
ever, we obtain log n e [cm _3 ]~ll. 79/ti7! 11.87/l°;fg, 
and 11.72lg 74 for time bins Tl, T2 and T3, respec- 
tively, at log T[K]~6.6. Higher densities are indi- 
cated by the Mg XI and Si XIII triplets yielding 
log n e [cm- 3 ]~12.73±i;^, 12.68/g;^, and 12.82/g; 23 at 
log T[K]~6.9 and log n e [cm- 3 ]~13.29/g;^, 13.45^'jg, 
and 13.44^0(97 at log T[K]~7.0, for time bins Tl, T2 
and T3, respectively. Our results show that the electron 
densities are higher in the plasma region with higher tem- 
perature. 

5. ANALYSIS AND RESULTS: HD 155555 C 

We subjected the spectra of the M-dwarf companion to 
the same analysis that we have applied to HD 155555 AB, 


as described in § [4j 

5 . 1 . Light curve 

The X-ray light curve obtained in 0. 4-6.0 keV range is 
shown in Figure 1111 There is flare-like feature observed 
in HD 155555 C where the intensity increases by a factor 
of ~ 2 iFig. flll) . The flare like feature was fitted with an 
exponential function 

(*-*o) 

CR{t) = A 0 e (1) 

where CR(t) is the count rate as a function of time, Ao 
is the count rate at the flare peak, to is the time of peak 
count rate, T ri d is the rise/decay time of the flare. The 
short rise (r r ~6.00±0.02 ks) followed by a slow steady 
decline (r^ ~8.90±0.03 ks) in the X-ray counts are sim- 
ilar to the flares observed on pre-main sequence stars 
dStelzer et al.l 120051 : iGetman et al.ll2008lf . We have ex- 
amined the spectral evolution of HD 155555 C but there 
is no obvious spectral hardening during this flare- like fea- 
ture (bottom panel of Fig. fill) based on hardness ratio 
variation. The enhancement in the emission could oc- 
cur as a result of magnetic reconnection. Since there is 
an increase in the count rate and no apparent change in 
the hardness ratio or temperature, we can interpret this 
enhancement in two ways 1) the increase in count rate 
was a result of more plasma with similar coronal proper- 
ties rotating into the line-of-sight or 2) there is indeed a 
change in the coronal temperature but could not be ob- 
served as a result of the relatively poor statistics of this 
spectrum. 

5 . 2 . Spectral analysis 

The spectrum of the HD 155555 C is significantly 
softer than that of HD 155555 AB; this is evident 
clearly in the first-order spectrum (see Fig. O. We 
have used multi-temperature VAPEC model assuming 
an optically thin coronal plasma to the dispersed spec- 
trum of HD 155555 C. We fit two temperature com- 
ponent VAPEC models which produced a x 2 ~ 232 
(DOF~ 204). We then added an additional temperature 
component which produced a y 2 ~ 164 (DOF~ 202). 
Based on the F-statistic we obtained a p- value of 0.008. 
We further added an additional temperature component 
which did not improve the chi-square significantly and 
produced an unambiguously large F-test p- value of 0.49. 
Hence we modelled the spectra of HD 155555 C with 
three temperature component allowing the abundance of 
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Fig. 8 . — He-like triplets of O VII, Ne IX, Mg XI and Si XIII measured with the entire HEG and MEG spectra of HD 155555 AB with 
the line fits. The Gaussian used to fit the lines are shown in red. 


TABLE 6 

Line fluxes, line ratios and densities for He like triplets of the total (time averaged) HD 155555 AB spectrum. 


Ion 

G=i±i 

r 

log(T e ) 

K 

r= t 

l°g(n e ) 

cm -3 

Si XIII 
Mg XI 
Ne IX 
O VII 

0.73±0.12 

0.73=1:0.07 

0.83=1=0.10 

0.82=1:0.25 

6.92=1=0.20 

6.76=1=0.17 

6.48=1=0.09 

6.38=1=0.22 

7.08=1=1.18 

1.95=1:0.20 

2.87=1=0.34 

1.131=0.35 

13 34+ u - 8a 

±o.O4_ 0 67 

1 9 79+0-95 
iz. iz_o g4 

u-83±i:£jj 

10.80+;®,! 



T [MK] 

Fig. 9. — The G-ratio curve from IPorauct fc Dubaul 11200(11 for 
O VII (in green), Ne IX (in red), Mg XI (in blue) and Si XIII 
(in black) plotted as a function of temperature. The filled circles 
represents the measured G-ratio for HD 155555 AB. 

O, Ne, Mg, Si, S and Fe independently. The resultant 
model parameters are shown in Table [7] We estimate an 
unabsorbed X-ray flux of ~ 1.89 x 10 -12 erg cm -2 s -1 
for HD 155555 C which corresponds to X-ray luminosity 
of 2xl0 29 erg s -1 . The abundances of X-ray emitting 
plasma obtained from the above model are listed in Ta- 
ble [U 

In addition to the global fits we have used the line- 
based analysis as in the case of HD 155555 AB to as- 
sess the coronal temperatures, emission measures and the 
abundances of HD 155555 C. We reconstructed the DEM 
using all the strong lines. The resulting DEM distribu- 


TABLE 7 

Best-fit spectral parameters obtained from iterative 
fitting of dispersed X-ray spectra for HD 155555 C data 
using 3T VAPEC plasma models. 


Parameters 


log ti drive drive [K] 

6 

o. 2 o 

EMi [cm 

■ 3 ] 

51.65+“ 

log t 2 [K] 


6.90+;°! 

EM 2 [cm - 

■ 3 ] 

31 71 +0-08 
oi - ( J--0.09 

log t 3 [K] 


7-34+“ 

EM 3 [cm - 

■ 3 ] 

51.86+;“ 

red. x 2 


0.81 

DOF 


202 

log L x [ergs 

29.30 

Note: the errors are estimated with 90% confidence limit. 


TABLE 8 


Abundances measurements for HD 155555 C. 


HD 155555 C 

Elements 

XSPEC 

Line- based 

o 

0 3i+ u - 3y 
U-ol—o is 

0.29±0.06 

Ne 

0 Q 2+ 1 - 03 
u.yz_o 90 

0.89±0.45 

Mg 

U.90_o 06 

0.27±0.15 

A1 

0.5 

0.45±0.31 

Si 

0-48+j® 

0.29±0.10 

S 

0-55++ 

0.35±0.12 

Fe 

0.50t°; 33 

0.41±0.14 


tion is shown in Figure fT2l peaking at log T[K]~6.3. The 
elemental abundances were also determined using the re- 
constructed DEM and their values are given in Table [5] 
We estimated the coronal density using density- 
sensitive ratio of forbidden and inter-combination lines of 
Ne IX triplet and obtained a value of log N e ~11.78+'23 
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Fig. 10. — He-like triplets line fluxes of HD 155555 AB, their 
ratios and the densities as a function of time. 
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Fig. 11. — Background subtracted X-ray light curve in 0. 4-6.0 
keV energy band (top panel) and the hardness ratios as a function 
of time (bottom panel) for HD 155555 C. 


(Table©. Using the line fluxes of Si XIII, Mg XI and 
O VII we estimate an upper limit to the coronal densi- 
ties of these elements (Table 0 . 
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Fig. 12. — Best fit DEM plots versus the log T for HD 155555 C. 
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Fig. 13. — T he coronal abundance re lative to the solar photo- 
spheric values dGrevesse &; Sauvallll998t) as derived by line-based 
analysis are plotted as a function of the first ionisation potential 
(FIP) for HD 155555 C. 

The ratio of Fe XVII resonance line at 15.0lA and the 
adjacent line at 15.26 A yielded 0.38±0.25, indicating a 
ratio similar to HD 155555 AB. 

6. DISCUSSION 

Our observation of HD 155555 AB shows continuous 
variability such that no part of the observation can be 
defined as being ’’quiescent” (see Fig©). The light curve 
was divided into three different time intervals. Interval 
T1 shows small-scale fluctuations and a steady decline 
which is perhaps indicative of the rotational modula- 
tion. During interval T2, a flare-like event is observed. 
The flare intensity is correlated with the hardness ratio. 
During interval T3, a steady rise with several small-scale 
variations is seen. This could be the result of one of 
the binary components crossing a large active region or 
several such regions on the stellar surface. 

Our analysis of the Chandra HETG spectra has pro- 
vided an insight into the plasma emission measure distri- 
bution, coronal temperatures, the abundances of individ- 
ual elements, and the plasma densities as determined by 
He-like triplets. An obvious feature of the reconstructed 
DEMs (Fig© for each time interval is the apparent bi- 
modal structure at similar temperatures. By comparing 
the XSPEC models predicting the observed spectra dur- 
ing three different time bins we find an increase in the 


HD 155555 C 
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TABLE 9 

Line fluxes, line ratios and density for He like triplets of HD 155555 C. 


Ion 

f 

[counts] 

i 

[counts] 

r 

[counts] 

G=^±* 

r 

log(Te) 

K 

ii 

ps 

log(n e ) 
cm - 3 

Si XIII 

9.63±4.22 

<3.27 

28.23±6.38 

<0.45 


<2.94 

<13.42 

Mg XI 

26.30i6.20 

<8.49 

15.59i5.04 

<2.23 


<3.09 

<12.59 

Ne IX 

22.28i5.79 

9.25i4.16 

13.63i4.79 

2.31il.l4 


2.40il.25 

11 7s+ u - 5< ' 
ii. /o _0 23 

O VII 

4.4813.28 

<2.43 

<5.49 

<1.25 


<1.84 

<10.67 


source luminosity from 3.2xl0 30 erg s 1 (during Tl) to 
4.1 xlO 30 erg s -1 (during T3). This is also reflected 
in the DEMs where the high-temperature peak at log 
T[K]~6. 9-7.0 is higher during T3 by a factor 1.5-2 when 
compared to that during Tl. The high-temperature peak 
values of the DEM are consistent with the values ob- 
tained using XSPEC. The peaks of the low-temperature 
components of the DEM (at log T[K]^6.3-6.5) increase 
by factors of 2-10 for T2 and T3 compared to Tl. The 
large emission measure can be a result of an increase in 
the density or increase in the emitting volume. 

A key parameter to interpret magnetically confined 
coronal structure is the plasma density. The measure- 
ments of the density and temperature obtained from the 
detailed analysis of He-like triplets allow us to estimate 
the volume and thus the average pressure of the emitting 
coronal region where these He-like triplets are formed. 
In Figure fill we plot the estimated plasma pressure ob- 
tained using the densities and temperatures derived from 
the triplet line ratios as a function of the temperature. 
The plasma pressure increases steeply with increase in 
the tempe rature. A sim ila r tren d ha s been observed pre- 
viousl y bv lArgirofh ct al.l (120031 1 and lSanz-Forcada et al.l 
(|2003f ): they interpret this due to the presence of different 
kinds of coronal structures in different isobaric conditions 
where the plasma pressure increases for increasing tem- 
perature of the confined plasma but the volume filling 
factor decreases. 
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Fig. 14. — Electron pressure derived from the measured electron 
densities at different temperatures. 



Stellar coronae often exhibit abundance anomaly pat- 
terns. A few moderately active, and even some low activ- 
ity stars like the Sun, show an enhancement of low FIP 
elements and a depletion of high FIP elements. Highly 
active stars, on the other hand, exhibit an inverse pat- 
tern with the depletion of low-FIP elements and enhance- 
ment of high-FIP elements (inverse-FIP or iFIP effect). 


These effects result in higher metallicities in the coro- 
nae of stars with l ow act ivity compared to high activity 
stars (IGiidel et al.ll200il) . The abundances derived for 
HD 155555 AB by the two methods used here (see > 14.2.11 
and >14.2.211 show a general sub-solar abundance for most 
of the elements, though the low FIP elements (<10 eV; 
e.g. Mg, Si, Fe) are depleted more compared to the high 
FIP elements (> 10 eV; e.g. O, Ne, Ar, N) (Fig. 0. 
The coronal abundances of HD 155555 AB relativ e to 
solar photospheric values (jGrevesse fe Sauval 1199811 . do 
not show a strong FIP dependence, but rather suggest a 
moderate iFIP effect. We do not see any strong varia- 
tion in the individual abundances during different time 
intervals in HD 155555 AB, indicating that there is no 
significantly fresh chromospheric material being evapo- 
rated into the corona. 

6.1. Comparison with other stars 

In order to check whether there are any differences 
between the coronae of stars that are active due to 
their extreme youth and those in RS CVn binary sys- 
tems that have been spun up by tidal forces, we com- 
pare the spectrum of HD 155555 AB with that of ac- 
tive stars and young stars, viz., AR Lac (an active RS 
Cvn type binary), AB Dor (an active PMS star), HD 
98800 (a WTTS), and TW Hya (a CTTS ). AR Lac is 
one of the brightest RS CVn type binary (|Siviero et al.1 
120061 iDrake et aPl2014fl with an orbital period of 1.98 d 
and with its binary components separat ed by ^9.2 Rq 
(|C hamblissl 119761 IPopper fe Ulrichl Il977lf . AB Dor is a 
bright (V~6.9) young (age~30-100 Myr) ultra-fast ro- 
tating (P rnt ~ 0.52d ) late- type star (lAmado et al .1120071 : 
iGuirado et al.l[20lTI and references therein) , and a mem- 
ber of a wide visual binary system (its companion is 
Rst 137B at a separation of 9" with spectral type MS- 
MS; IGuirado et a.1.1 [20Tlh . AB Dor is a highly active 
star that has been observed by many space-based ob- 
servatories across th e UV, EUV and X-ray wavelengths 
dSanz-Forcada et~ahl 120031 : iGarcfa- Alvarez et al.l 120081 : 
lLalitha fe Schmittll2013f) . TW Hya is a low-mass K-type 
star with an age of <10 Myr. TW Hya is accreting from 
its circumstellar disk (accretion rate of ~1.0xl0 -9 and 
5xl0 ~ 8 M 0 vr~b IBatalha et aLll2002t iBrickhouse et al.1 
I201(T ) . which may give rise to post-shock plasma. There- 
fore, we have also chosen a non-accreting X-ray bright 
PMS star, HD 98800 for comparison. TW Hya is a sin- 
gle CTTS, whereas HD 98800 is a multiple system with 
two visual components separated by 0.8" and orbital pe- 
riod o f 300-400 years (ISod erblom et al.||1998t iTokovininl 
119991 : IPrato etahl 120011 : IBoden et al.l 120051) . The two 
components of HD 98800 are well resolved in the Chandra 
HETG zeroth-order image with the primary component 
HD 98800 A appearing to be ~ 4 times brighter than 
HD 98800 B dKastner et al.l[2004H . This system displays 
an X-ray luminosity similar to TW Hya, however, there 
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is no evide nce of accretion in HD 98800 (Kastncr ct al. 
H997ll200l . 

The basic stellar and X-ray properties of these stars 
are summarized in Tabic 1101 The coronal emission of 
AR Lac, TW Hya and HD 98800 has b een studied in 
detai l via Chandra HETG observations dBa talha et, ~aT1 
2002t IHuenemoerder et al.1 12004 iKastner et al.l 12004 
Drake et al. 1 120141 . In Figure Q1 we show the Chan- 
dra HETG spectra in the 13-16 A region for AR Lac, 
AB Dor, HD 155555 AB, TW Hya and HD 98800. This 
wavelength region encompasses several highly ionised Fe 
lines and the Ne IX triplets. Visual comparison shows 
that the spectrum of HD 155555 AB is very similar to 
that of AR Lac and AB Dor showing similar relative line 
strengths for the Ne IX triplet and the Fe lines. On the 
other hand, TW Hya and HD 98800 show the Ne IX reso- 
nance line to be strong, and Fe lines to be weak compared 
to HD 155555 AB, AR Lac, and AB Dor. 
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Fig. 15. — Chandra HETG spectra of the active late-type star 
AR Lac, young active stars AB Dor, HD 155555 AB, the pre-main 
sequence stars HD 98800 (WTTS) and TW Hya (CTTS), in the 
spectral region encompassing of Ne IX He-like triplets and Fe XVII 
lines. 


Comparison of our results with AR Lac, AB Dor, TW 
Hya, and HD 98800 indicate that HD 155555 AB is very 
similar to AR Lac and AB Dor in its emission mea- 
sure distribution, abundances, and electron densities, 
despite the difference in their ages. During flare-like 
events the emission measures peak at similar tempera- 
tures (log T[K1~6.3 a nd 6.9) for HD 155555 AB, AR Lac 
(iHuenemoerderl 12002 1 and Ab Dor (ISanz-Forcada et all 
I2003T) . However, an additional higher temperature com- 
ponent are observed during both quiescence and flare at 
log T[K] ~ for AB Dor. This difference in the tem- 
perat ures cou l d be due to the rapid rotation of AB 
Do r dRandichl 1 199811 or due to its higher activity level 
(iTelleschi et al.ll2005D . We note that the DEM distribu- 


tions for both AR Lac and AB Dor are trimodal, whereas 
this is the case only during flare-like events (T2) for HD 


155555 AB. 


The total emission measure for the higher tempera- 
ture component (log T [K]~6.9) is ~52.35^o.o6 cm_3 for 
HD 155555 AB, cf., ~52.95±g;gi and ~5 2.34t°^ cm- 3 
for AR Lac and AB Dor , respe ctively (jHuenemoerded 
l2002t iSanz-Forcada et all I2003D . For TW Hya and 
HD 98800, there is no emission component at log T 
[K1~6.9. The DEM for TW Hya peaks at log T[K]~6.5 
(IKastner et al.l 120021) with no evidence of a hotter com- 
ponent (log T[K]>7.0). Similarly the DEM for HD 98800 
has one peak at log T[K]^6 .5, and a flat DEM t hereafter 
(IHuenemoerder et ahll2004 IKastner et al.ll2004l) . 

iGiidel et al.1 ( 19971) studied a sample of solar- like G 
stars with ages ranging from 70-9000 Myr and found that 
the emission measure of the hotter component rapidly 
decreases with age. Our study, however, shows that 
the emission measures of the hotter component for HD 
155555 AB and AB Dor are very similar with no notice- 
able trend. We note that the age of HD 155555 AB is 
several Myr younger than the youngest st ar (EK Dra, 
age~ 70 Myr) in the sample compiled by IGiidel et al.l 
(fl997h . A more detailed analysis and interpretation of 
the coronal temperatures, emission measures, and den- 
sities of K-type stars with a range of ages is required in 
order to characterise how the X-ray properties of these 
stars evolve with time, and how their behaviour compares 
with solar-type stars. 

The ratio of Ne to Fe a bundance is ~3 fo r 
HD 155555 AB , ~5 for AR Lac (iHucnemocrdcil 120021) . 
~5 for AB Dor (ISanz-Forcada et alJ I2003D and ^5 for 
HD 98800 (IKastner et al.l 12004) . whereas this ratio is 
l arger than the solar value by a factor of 10 for TW Hya 
(IKastner et al.ll2002l ). Although the DEM peaks are sim- 
ilar for TW Hya and HD 98800, the Ne/Fe abundance 
ratio for HD 98800 is unlike that seen in TW Hya. This 
large ratio in TW Hya could be the result of an ongo- 
ing accretion where significant fractionation occurs in the 
circumstellar disk. 

The electron densities (log n e ) obtained for 
HD 155555 AB with O VII and Ne IX are 10.80 
and 11.83 cm -3 , re spectively, w hich are similar to the 
values for AR Lac dHuen emoerdeil 120021) and AB Dor 
(ISanz-Forcada et all 120031 : lLalitha et al.l 1201311 . How- 
ever, the log n e values for O VII and Ne IX in TW Hya 
are 1 1.75 and 12.47 cm -3 respectively ()Kastner et al.l 
1200211 . This cou ld be the result of ongoing accretion 
seen i n TW Hya (lArgiroffi et al.ll2009l: iBrickhouse et al.1 
120101 iDupree et al.ll2012t iNess fe Schmittl 120051) . 

Similarly, we have compared our results on HD 
155555 C with other studies of M stars. In Figure flGl we 


show the Chandra HETG spectra in the 13-16 A region 
for HD 155555 C, AU Mic and EQ Peg. AU Mic is an 
active nearby (distance~10 pc) M type star showing typ- 
ical X-ray luminos ity of 2 x 10 29 ergs s~ 1 , similar to that 
of HD 155555 C (|Rodono et al.l 119861 : iDel Zanna et al.1 
1200211 . EQ Peg is a visual binary consisting of two stars 
with spectral type M3. 5 and M4.5 which are separated 
by ?s30 AU. At a distance of 6.1 pc, the quiescent X- 
ray luminosity of EQ Pe g has been measu re d to b e be- 
tween 6-7 xlO 28 ergs s _1 (iRobrade fc Schnnttll2005l) . EQ 
Peg has a spectral type similar to that of HD 155555 C, 


X-raying the coronae of HD 155555 


13 


TABLE 10 

Comparison of physical properties of AR Lac, AB Dor, HD 155555 AB, HD 98800 and TW Hya. 


Star 

Spectral 

Type 

Age 

Myr 

Binarity 

Ongoing 

Accretion 

rot / orb 

days 

Distance 

log L x 

lo s U7T 

T 

MK 

AR Lac 

K0IV+G5IV 

>3000 i 

Y 

N 

1.98 

~43 

30.89 

-3.45 

~16 

AB Dor 

K0-2V 

30-100 

Y 

N 

0.52 

~15 

30.01 

-3.00 

~ 13 

HD 155555 AB 

G5IV+K0IV 

18 

Y 

N 

1.68 

~31 

30.60 

-3.28 

~ 12 

HD 98800 

K4V 

10 

Y 

N 

262 

~40 

29.83 

-3.40 

2.5-10 

TW Hya 

K6Ve 

8 

N 

Y 

4.5? 

~57 

30.11 

-2.92 

~3 


J. 11L KJJ CtllAl AllOUafllAAU A 11 Ulli , 1 ' 1 1 1 U' A- A III. — V I I. X , I111A1 1 A1A1 A11AAO 111 V I \ 1 I I . 1A1 J A 

IGuirado et al .11 20 111 and references therein fo r AB Dor; 3) [S trassmcicr & Rice 2000 for HD 155555 AB; 4) IKastner et aLll 19971 : TWebb et alJ 
119991 for HD 98800; 5) IBatalha et al.|[2002l : ISetiawan et al.l| 20081 for TW Hya. For AB Dor, P rot /orb listed in column 6 represents the 
rotat ion period dGuirado et al.|[2011l) , whereas, for HD 98800 this value represents the orbital period of the wide binary dBoden et al.l 
120051) . For AR Lac and HD 155555 AB, P rot/ orb represents both rotation period and the orbital period since these systems are tidally 
locked d Lanza et al.lfl998l ; [Ht rassmeier fe Ric~ell2000f ). For TW Hya, P ro t/orb listed in column 6 represents an uncertain rotation period 
(Alcncar & Batalha 2002). The coronal temperature (T) are t he emission measur e wei ghted temperatures in MK. For AR Lac and AB 
Dor the temperature and emission measures are obtained fromJSing^e^jil. (1996) and Lalitlia et al. ( 2 01. Hi. r espect. i vely. For TW Hya 
and HD 98800, the temperatures are obtained from lKastneT*et alJ J 2 0 0 2| I and IKastneT*et al] (120041 1. respectively. 


and AU Mic shows X-ray emission similar to that of 
HD 155555 C. Visual comparison of Figure [TB] shows 
that the spectrum of HD 155555 C shows a strong flux 
at 15.01 A similar to what is seen in EQ Peg and AU 
Mic. The Ne IX triplet emission which is very strong in 
both EQ Peg and AU Mic is barely visible in the case of 
HD 155555 C. Although the Ne IX line luminosity for HD 
155555 C is at least half an order of magnitude brighter 
than that of AU Mic, the Ne/Fe abundance ratio is ~2, 
whereas for AU Mic and EQ Peg the ratios are ~ 7 and 
~8, respectively. 


cated between log T[K]~6.3-7.3. However, the tempera- 
tures and emission measures obtained by XSPEC model 
fit are consistent with the results obtained for AU Mic 
and EQ Peg. The abundances of HD 155555 C show 
a moderate iFIP effect, which is common among stars 
with high activity levels like AU Mic and EQ Peg. The 
metallicities of HD 155555 C found here are sub-solar. 

7. CONCLUSION 

We have analysed the Chandra HETG data of a young 
active multiple system, HD 155555. We infer the follow- 
ing characteristics of the coronal plasma of this system: 
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Fig. 16. — Chandra HETG spectra of HD 155555 C and the 
active late-type M stars AU Mic and EQ Peg with similar spectral 
type as HD 155555 C system, in the spectral region encompassing 
of Ne IX He-like triplets and Fe XVII lines. 


The emission measure of HD 155555 C shows a peak at 
log T[K]~6.4, and has no significant plasma emission at 
log T[K]~7. In contrast, AU Mic and EQ Peg show peaks 
around log T[K]~6.8-6.9 with the bulk of the plasma lo- 


• The X-ray emission shows continuous variability 
throughout the observation, with flare-like events. 
The light curve also shows a possible modulation 
due to coronal hot spots. Since the observation re- 
ported here spans only ~ 65% (P rot ~ 1.68d and 
Fobs ~ 1.09d) of the rotation period, additional ob- 
servations covering at least a few rotation periods 
of HD 155555 AB are required to verify whether 
the observed variation is indeed due to rotational 
modulation. 

• The emission measure distributions calculated 
for the coronal plasma of HD 155555 AB and 
HD 155555 C using individual line fluxes, show a 
stable structure at log(T) = 6.4 followed by a steep 
increase up to the peak at log(T) = 6.9. During 
high activity state the DEM shows an increase in 
the amount of X-ray emission. For HD 155555 C, 
the DEM shows a peak at log(T) = 6.3, followed 
by a plateau in the range log(T) = 6. 9-7. 4. 

• Element abundances in the corona of 
HD 155555 AB and HD 155555 C are ob- 
served to follow an intermediate behavior between 
the solar-like FIP effect, and the inverse FIP 
effect observed in other active stars. The coronal 
metallicity in both the HD 155555 AB and C 
spectra is sub-solar, as is typically found in active 
stars. 

• The continuum, line emissivity, densities and 
the temperatures of the coronal plasma in 
HD 155555 AB, are very similar to that of other ac- 
tive stars of similar age, like AB Dor and older RS 
CVns, like AR Lac, but very different from that of 
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other young stars of CTTS or WTTS type. These 
results thus indicate that age has little effect on 
their activity, unlike what is seen in the solar-type 
stars. A detailed study of a range of K-type stars 
with different ages, however, may reveal the depen- 
dence of coronal properties on age, and whether the 


behaviour is similar to the solar- type stars or not. 

• The X-ray emission of the HD 155555 C component 
is similar to that of other M-type dwarf stars of 
similar activity levels in the solar neighborhood. 
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TABLE 11 

Line identification and line fluxes for the entire HD 155555 AB spectra and HD 155555 C spectra. 






HD 155555 AB 


HD 155555 C 


Ion 

1°6 Tmax 
[K] 

Transition 
[upper — ^ lower] 

^ pred 

[A] 

X obs 

[A] 

D 

[counts] 

X obs 

[A] 

p ( 

[counts] 

Ar XVIII 

7.60 

Unknown 

3.727 

3.727 

35.93±7.05 



Ar XVI 

7.20 

Unknown 

3.952 

3.951 

52.68±8.30 



Ar XVI/XVII 

7.20/7.30 

Unknown 

3.994 

3.994 

46.76±7.89 



S XVI 

7.40 

2p 2 P 3/2 ls 2 s 1/2 

4.727 

4.731 

77.71±9.85 

4.732 

3.34±3.02 

S XV 

7.20 

Is 2p i P 1 -> Is 2 X S 0 

5.038 

5.041 

147.70±13.18 

5.036 

9.18±4.15 

Si XIV 

7.20 

2p 2p 3/2 “*• ls 2 s 1/2 

6.180 

6.184 

409.75±21.26 

6.185 

20.85±5.64 

Si XIII 

7.00 

Is 2p 2 P 2 Is 2 1 Sq 

6.650 

6.649 

579.86±25.09 

6.652 

28.23±6.38 

Si XIII 

6.95 

Is 2 p 3 P 2 -> ls 2 X S 0 

6.688 

6.688 

52.49±8.29 



Si XIII 

7.00 

ls 2s 3 S X -> Is 2 X S 0 

6.740 

6.740 

371.91±20.30 

6.740 

9.63±4.22 

Mg XII 

7.00 

3p 2 P 3/2 ls 2 s 1/2 

7.110 

7.109 

191.56±14.86 



Fe XXIV 

7.30 

i c.2 r- 2 p . i 2 2 2 c 

ls 5p ^ 3/2 — ^ ls s s l/2 

7.170 

7.168 

193.70±14.94 



Mg XI 

6.85 

Unknown 

7.473 

7.471 

132.60±12.54 



Al XII 

6.90 

Is 2p 1 P 1 -> Is 2 1 S 0 

7.760 

7.757 

166.77±13.94 

7.757 

6.88±3.71 

Mg XI 

6.80 

ls 3p 1 Pj -1 Is 2 X S 0 

7.850 

7.852 

186.06± 14.66 



Fe XXIV 

7.29 

Is 2 4p 2 F 3 /2 Is 2 2s 2 S 1 / 2 

7.985 

7.986 

211.71±15.57 

7.980 

13.53±4.77 

Fe XXIII 

7.20 

2s 4p 1 P 1 ->• 2s 2 1 Sq 

8.300 

8.310 

261.50±17.19 



Mg XII 

7.00 

2p 2 P 3/2 ls ls i/2 

8.419 

8.420 

1030.06±33.10 

8.422 

36.62±7.11 

Fe XXIII 

7.20 

2s Ad 1 D 2 — ► 2s 2 p 1 P 1 

8.810 

8.812 

196.60±15.04 



Fe XXII 

7.10 

2s 2 id 2 D 3 , 2 -l2s 2 2 p 2 P 1/2 

8.980 

8.973 

149.39±13.25 



Mg XI 

6.81 

Is 2p ‘-Pi -t Is 2 1 S 0 

9.168 

9.169 

651.05±23.45 

9.168 

15.59±5.04 

Mg XI 

6.81 

Is 2p 3 P 2 — t Is 2 1 Sq 

9.231 

9.234 

162.23±13.76 



Mg XI 

6.81 

Is 2s 3 S 2 -> Is 2 1 So 

9.314 

9.314 

316.62± 18.81 

9.310 

26.30±6.20 

Fe XXI 

7.10 

2s 2 2p Ad 3 D 1 -► 2s 2 2p 2 3 Pq 

9.480 

9.479 

112.90±11.66 



Fe XXI 

7.10 

Unknown 

9.542 

9.545 

37. 14±7. 15 



Ne X 

6.81 

4 P 2p 3/2 -► 14 2 Sl/2 

9.708 

9.707 

269.70±17.44 



Ni XXV 

7.30 

2s 3d 1 D 2 -► 2s 2 p 1 P 1 

9.970 

9.993 

170.32±14.07 



Na XI 

6.90 

2 P 2p i/2 -+ ls 2 S l /2 

10.020 

10.038 

264.61± 17.29 



Ne X 

6.78 

3p 2 P 3/2 ls 2 s 1/2 

10.238 

10.239 

566.43±24.81 

10.242 

15.22±4.99 

Fe XXV 

7.75 

Unknown 

10.369 

10.362 

142.44±12.96 



Fe XXIV 

7.27 

1 2 2 n . 1 2 q c. 2 q 

Is 3p ^ 3/2 ls 2s '-’1/2 

10.619 

10.625 

287.08± 17.96 

10.616 

11.42±4.48 

Fe XXIV 

7.27 

Is 2 3p 2 P 1 / 2 -»■ Is 2 2s 2 5 1 / 2 

10.663 

10.664 

186.58±14.68 

10.663 

16.04±5.09 

Ne IX 

6.60 

Unknown 

10.764 

10.768 

120.82±12.02 



Fe XXIII? 

7.2 

Unknown 

10.825 

10.817 

114.83±11.75 



Fe XXIII 

7.20 

2s 3p 1 P 1 ->■ 2s 2 1 Sq 

10.980 

10.984 

211.56±15.57 

10.989 

9.81±4.24 

Fe XXIII 

7.20 

2 p 3p 3 P\ — ► 2 s 2 1 Sq 

11.020 

11.028 

265.94± 17.33 

11.028 

15.75±5.06 

Fe XXIV 

7.29 

Is 2 3d 2 D 5/2 -+ Is 2 2p 2 P 3/2 

11.176 

11.177 

249.64±16.82 

11.176 

11.76±4.53 

Fe XXIV 

7.29 

Unknown 

11.260 

11.259 

139.02± 12.69 



Fe XVIII 

6.90 

Unknown 

11.326 

11.321 

98.98± 10.98 



Fe XXIV 

7.29 

Is 2 3s 2 S 1 / 2 -► Is 2 2p 2 P 3/2 

11.432 

11.430 

302. OOzt 18.39 

11.430 

10.97±4.42 

Ne IX 

6.60 

Is 3p ^ P± — >• Is 2 ^Sq 

11.544 

11.539 

250.20±16.84 



Fe XXIII 

7.18 

2s 3d 1 D 2 — ► 2s 2p 1 P 1 

11.736 

11.741 

298.14±18.28 



Fe XXIII 

7.10 

2 S 2 3d 2 D 3 /2 -*■ 2s 2 2 p 2 P 1 / 2 

11.770 

11.775 

308.51± 18.58 

11.753 

21.03±5.66 

Fe XXII 
Fe XXI/XXII 

7.10 
7. 1/7.1 

2s 2 3d 2 P> 5/2 2s 2 2p 2 P 3/2 

Unknown 

11.930 

11.975 

11.929 

11.976 

lll.54ikll.59 

72.97±9.58 

11.932 

14.38±4.88 

Ne X 

6.77 

2P 2p 3/2 ls 2 S l /2 

2s 2 2 p 3d 3 D 1 -► 2s 2 2p 2 3 Pq 

12.132 

12.134 

2099.93±46.83 

12.134 

53.21±8.34 

Fe XXI 

7.10 

12.284 

12.284 

470.20±22.70 

12.282 

20.38±5.59 

Fe XXI 

7.10 

Unknown 

12.397 

12.398 

108.70±11.46 



Fe XXI 

7.10 

Unknown 

12.649 

12.650 

135.44±12.67 



Fe XX 

7.00 

Unknown 

12.750 

12.754 

134.06ifcl2.61 



Fe XX 

7.00 

2s 2 2p 2 3d 4 P 5 /2 -»• 2s 2 2p 3 4 S 3 / 2 

12.827 

12.827 

451.24±22.26 

12.840 

17.36±5.25 

Fe XX 

7.00 

Unknown 

13.143 

13.143 

109.68zfcll.50 



Ne IX 

6.59 

Is 2p 1 P i -► Is 2 iSo 

13.447 

13.449 

503.49±26.53 

13.453 

13.63±4.79 

Fe XXI 

6.91 

2s 2p 2 3s 3 P 0 ->• 2s 2p 3 3 D 1 

13.518 

13.515 

354.99±19.86 

13.551 

9.25±4.16 

Ne IX 

6.59 

2 p 3 3d 3 D 2 -*■ 2s 2 2p 4 3 P 1 

13.553 

13.554 

109.67±11.50 

13.701 

22.28±5.79 

Ne IX 

6.59 

ls 2s 3 S 1 Is 2 1 Sq 

13.699 

13.699 

313.47±18.72 



Fe XVIII 

6.84 

2 p 4 3d 2 D 5 /2 -*■ 2s 2 2p 5 2 P 3 / 2 

14.208 

14.206 

404.66±21.13 

14.204 

17.64±5.28 

Fe XVIII 

6.84 

2p 4 3d 2 S 1 /2 2s 2 2p 5 2 P 3 / 2 

14.256 

14.266 

151.33±13.33 

14.263 

11.88±4.55 

Fe XVIII 

6.89 

2p 4 3d 2 D 3 / 2 -*■ 2s 2 2p 5 2 P 1 / 2 

14.373 

14.372 

238.64±16.47 

14.382 

16.81±5.19 

Fe XVIII 

6.90 

2 P 4 3 <i 2 P 3/2 -+ 2 » 2 2 P 5 2 P 3/2 

14.530 

14.540 

159.65±13.66 



Fe XVIII 

6.90 

2p 4 3d 4 P 1 /2 2s2 2p5 2 P 3 / 2 

14.580 

14.585 

48.67±8.03 



Fe XIX 

6.90 

2 p 3 3s 3 D 3 2s 2 2p 4 3 P 2 

14.670 

14.669 

84. 79± 10.24 



Fe XX 

7.00 

Unknown 

14.754 

14.755 

63.24±8.99 



Fe XX ? 

7.00 

Unknown 

14.826 

14.823 

60.14±8.80 



Fe XVII 

6.72 

2p 5 3d X Pi->2p 6 X S 0 

15.014 

15.014 

653.29±26.57 

15.013 

45.75±7.81 

Fe XIX 

6.90 

2s 2p 4 3s 3 P 2 -»• 2s 2p 5 3 P 2 

15.080 

15.081 

121.42±12.05 

15.083 

6.21±3.63 

O VIII 

6.51 

4 P 2p 3/2 -*■ ls 2 s 1/2 

15.176 

15.175 

135.37±12.66 



Fe XVII 

6.72 

2p 5 3d 3 P 1 ->• 2p 6 

15.261 

15.263 

230.56±16.20 

15.266 

17.65±5.29 

Fe XVII 

6.70 

2p 5 3d 3 P 1 2 p 6 ISn 

2p 4 C 1 !)) 3s 2 D 5 / 2 2s 2 2p° 2P 3 / 2 

15.450 

15.457 

79.499±9.95 



Fe XX 

7.10 

15.626 

15.626 

116.25zfcll.81 



Fe XVIII 

6.90 

2p 4 ( 3 P) 3s 4 P 3 / 2 -► 2s 2 2p 5 2 P 3 / 2 

15.828 

15.823 

76.51±9.79 



Fe XVIII 

6.90 

2p 4 ( 1 P) 3s 2 D 3 /2 — ► 2s 2 2p 5 2 P\J 2 

15.870 

15.869 

78.39±9.89 



O VIII 

6.50 

3 P 2p 3/2 ls 2 *^1/2 

16.005 

16.007 

387.09±20.69 

16.009 

17.56±5.27 

Fe XVIII 

6.84 

2p 4 3s 4 P 5 , 2 ^2 s 2 2p 3 2 P 3/2 

16.071 

16.073 

229.54±16.17 

16.076 

7.37±3.85 

Fe XIX 

6.90 

2p 3 3p 3 P 2 ->■ 2s 2p 5 3 P 2 

16.120 

16.108 

72.81±9.57 



Fe XVIII 

6.70 

2s 2p 5 3s 2 P 3 /2 — »■ 2s 2p 6 2 S 1 / 2 

16.170 

16.167 

58.14±8.67 



Fe XVII 

6.71 

2p 5 3s 3 P X -> 2p 6 1 S 0 

16.780 

16.776 

208.22±18.57 

16.773 

12.55±4.64 

Fe XVII 

6.71 

2p 5 3s X Pi -» 2p 6 X S 0 

17.051 

17.052 

367.09±20.17 

17.092 

24.80±6.05 

Fe XVII 

6.71 

2p 5 3s 3 P 2 -1 2p 3 X S 0 

17.096 

17.096 

306.81±18.53 



O VIII 

6.48 

2 P 2 P 3/2 -> x * 2 Sl/ 2 

18.967 

18.970 

781.22±28.96 

18.970 

27.80±6.34 

O VII 

6.33 

Is 2p X Pi -> Is 2 X S 0 

21.600 

21.601 

70.80±9.45 



O VII 

6.33 

Is 2 p 1 Pi Is 2 1 Sq 

21.800 

21.804 

27.55±6.32 



O VII 

6.33 

Is 2p 1 Pi Is 2 1 S 0 

22.100 

22.106 

31.15±6.64 

22.100 

4.49±3.29 

N VII 

6.32 

2 P 2p 3/2 ls 2 ^1 / 2 

24.779 

24.780 

57.54±8.63 




